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Abstract
Ketamine elicits various neuropharmacological effects, including sedation, analgesia, general
anesthesia, and antidepressant activity. Through an in vitro screen, we identified four mouse
olfactory receptors (ORs) that responded to ketamine. In addition to their presence in the olfactory
epithelium, these G protein (heterotrimeric guanine nucleotide–binding protein)–coupled receptors
(GPCRs) are distributed throughout the central nervous system. To better understand the
molecular basis of the interactions between ketamine and ORs, we used sequence comparison and
molecular modeling to design mutations that (i) increased, reduced, or abolished ketamine
responsiveness in responding receptors, and (ii) rendered non-responding receptors responsive to
ketamine. We showed that olfactory sensory neurons (OSNs) that expressed distinct ORs
responded to ketamine in vivo, suggesting that ORs may serve as functional targets for ketamine.
The ability to both abolish and introduce responsiveness to ketamine in GPCRs enabled us to
identify and confirm distinct interaction loci in the binding site, which suggested a signature
ketamine-binding pocket that may guide exploration of additional receptors for this general
anesthetic drug.
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INTRODUCTION
Despite the widespread use of general anesthetics, the targets underlying their actions
remain poorly defined. This is especially true for the small, relatively featureless inhaled
anesthetics, but also for the more potent injectable anesthetics, such as the barbiturates and
alkylphenols. For example, evidence suggests that the injectable general anesthetics
propofol and etomidate serve as co-agonists of the inhibitory cys-loop ligand-gated ion
channels (LGICs), such as γ-aminobutyric acid receptor type A (GABAA) and glycine
receptors (1). However, these receptors are neither necessary nor sufficient for the general
anesthetic action of these drugs (1), indicating that other targets must exist. Unfortunately,
the heavy emphasis on LGICs has marginalized the search for other targets. That other
targets can subserve general anesthesia is exemplified by the injectable drug ketamine,
which does not have effects on the LGICs, but rather is thought to act by antagonizing Nmethyl-D-aspartate (NMDA) receptors (1). In addition to being a general anesthetic,
ketamine has distinct effects in vivo, including dysphoria, hallucinations, and analgesia.
Other more specific NMDA antagonists do not share this wide range of properties in vivo,
and thus, it is generally recognized, although little explored, that ketamine has other
molecular targets that might transduce or contribute to its general anesthetic effects. Indeed,
ketamine has antidepressant activity (2), raising the possibility that it interacts in the central
nervous system (CNS) with heterotrimeric guanine nucleotide–binding protein (G protein)–
coupled receptors (GPCRs), a receptor superfamily frequently targeted by antidepressants
and other psychotherapeutics (3–5). This possibility is consistent with the demonstration that
ketamine binds to opioid and muscarinic receptors (6).
GPCRs are the largest class of druggable receptors, yet they have been little explored as
transducing components of general anesthesia. We have previously shown that the
inhalational anesthetic halothane binds to the prototypical class A GPCR, rhodopsin, and
competitively inhibits retinal binding (7). Olfactory receptors (ORs) are the largest group of
GPCRs (8). It is generally thought that only a single OR-encoding gene is expressed in each
olfactory sensory neuron (OSN) (8) and that each OR is “tuned” to recognize a limited
repertoire of generally small, volatile molecules (9). The ~1000 different murine and ~300
human ORs monogenically expressed across the olfactory epithelium (8) enable olfactory
stimuli to generate and transmit unique activation patterns to the olfactory cortex, allowing
humans to discriminate large numbers of olfactory stimuli (10). Using dissociated OSNs, we
previously demonstrated that volatile anesthetics do indeed activate individual OSNs, and in
a highly selective manner (11). Moreover, evidence has emerged that ORs are distributed
widely in the CNS (12) and also in various tissues around the body, not just the olfactory
epithelium. For example, ORs in the gut (13) and the testicles (14, 15) appear to subserve
very specific signaling roles in the regulation of normal physiology and development. Thus,
it is plausible that selective anesthetic activation renders ORs as candidate mediators for
some of the CNS actions that anesthetics exhibit.
To identify previously uncharacterized anesthetic targets and to better understand the
structural features underlying molecular recognition of a general anesthetic such as
ketamine, we screened a set of mouse ORs and found that ketamine activated a very limited
repertoire of these ORs at physiologically relevant concentrations. Then, through a
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combination of molecular modeling and mutagenesis, we defined key ketamine recognition
elements in the binding site of these class A GPCRs, which enabled predictive modulation
of the anesthetic response.

RESULTS
In vitro screen for ketamine-responsive ORs
To identify ORs that are activated by ketamine, we screened 51 broadly distributed and
previously characterized murine ORs (table S1) (16) with a cyclic adenosine 3′,5′monophosphate (cAMP)–mediated luciferase reporter assay to measure receptor activity
(17). In the primary screen, we stimulated Hana3A cells with 100 μM ketamine and selected
12 candidate responsive ORs for a secondary screen, where responses to ketamine were
measured in triplicate and compared to those of cells treated with solvent as a negative
control. We found that MOR136-1 and MOR139-1 responded significantly (P ≤ 0.05) and
specifically to ketamine among the tested anesthetics ( Fig. 1, A and B). This screen was
subsequently repeated with 21 ORs that are members of the MOR136, MOR139, or related
OR families (table S2), and another OR, MOR136-3, was identified that also responded
significantly and specifically to ketamine (Fig. 1A), but not to other anesthetics (Fig. 1B).
We constructed dose-response curves of the responders MOR136-1, MOR139-1, and
MOR136-3, which responded to ketamine in a concentration-dependent manner (Fig. 1C)
with half-maximal effective concentration (EC50) values that approximate the steady-state
plasma concentrations of ketamine present during anesthesia in the mouse (18).
Comparative homology modeling of ORs and ketamine-docking calculations
To understand the structural basis of ketamine recognition by the murine ORs MOR136-1,
MOR136-3, and MOR139-1, we generated comparative (homology) models of MOR136-1
and other ORs (Fig. 2A). These approximate structural models provided a vehicle for
generating hypotheses regarding binding site residues that could be tested by site-directed
mutagenesis (19). Models were constructed on the basis of available GPCR structures,
including bovine rhodopsin (20), human β2 adrenergic receptor (β2AR) (21), turkey β1AR
(22), human A2A adenosine receptor (23), and human D3 dopamine receptor (24), which,
when combined, constituted five templates used to generate the OR models (fig. S1). For
each of the murine OR sequences, 100 models were generated with the Modeller software
(25, 26) (see Materials and Methods). The best structure based on Modeller’s scoring
function was selected in each case. Each model structure contained the canonical seven
transmembrane (TM) helices connected by intracellular and extracellular loops and the small
helical segment at the C terminus, which is nearly perpendicular to the seven-helix bundle
(27–29). We chose to focus mainly on the structure of the ketamine responder MOR136-1
and its putative binding pocket (Fig. 2). Through computational docking studies, we
identified a ligand-binding site that is consistent with that previously identified for ORs (30)
(Fig. 2A, yellow atoms). In addition, we also generated models of MOR136-1 based on the
structures of the activated states of bovine rhodopsin (31) and the human β2AR (32, 33). The
representative models of the inactive and active conformations were compared and
displayed a backbone coordinate root mean square deviation (RMSD) of 2.3 Å for the seven
TM helices (TM1 to TM7) and the adjacent perpendicular helix (H8) (fig. S2). For
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comparison, the backbone RMSD is 2.5 Å for these protein segments (TM1-TM7-H8)
between the inactive (2RH1.pdb) and active (3SN6.pdb) crystallographic structures of the
human β2AR (21, 32). Furthermore, conformations and orientations of ketamine in the
binding site of the active receptor (which are known as docking poses) were comparable to
those observed in the model structure generated with inactive structures.
With the representative comparative models, docking calculations for R-ketamine were
performed with AutoDock4 (34), and a binding site for R-ketamine in MOR136-1 was
identified (Fig. 2A). In the case of MOR136-1, the three best-scoring docking results are
located at the same binding site, which largely comprised side chains from helices TM3,
TM5, and TM6 (Fig. 2, B to D). With these three ketamine-docked structures, residues
having an atom within 5.0 Å of any atom of ketamine were identified as potential lining
residues of the ketamine-binding pocket in MOR136-1, yielding 16 lining residues (Fig. 2,
A and E). In addition, camphor, an odorant containing the same cyclohexanone moiety as
ketamine and that activates the ketamine responder MOR136-1 (16), was also docked to the
model of MOR136-1. This ligand bound to the same binding site as did ketamine and also
displayed similar binding interactions (fig. S3A).
Structural analysis of the ketamine-binding site
Comparison of the amino acid residues at the 16 binding site positions suggests possible key
interactions relevant to the activation of MOR136-1 by ketamine. The ketamine pose 1 (Fig.
2B) has the positively charged ammonium nitrogen in close proximity to Ser1053.33 (3.9 Å
to the hydroxyl oxygen) and Asp1093.37 (4.5 Å to the carboxyl oxygen). Superscripts on
residues indicate the location within the GPCR structure according to the BallesterosWeinstein indexing system (35). For example, Asp1093.37 refers to the aspartic acid residue
with amino acid residue number 109 in the MOR136-1 sequence, whereas 3.37 refers to the
37th position on the 3rd TM helix. The 37th position is defined relative to the most
conserved residue at each TM helix, which is assigned to the 50th position (Fig. 2E, blue
letters). In the ketamine pose 2 (Fig. 2C), proximity to Ser1053.33 is again observed between
the ketone oxygen atom of ketamine and the hydroxyl oxygen atom of Ser1053.33, with a
distance of 3.2 Å. The structure also suggests a possible role of Ser1123.40 because of the
proximity of its hydroxyl oxygen to the ketamine ammonium nitrogen (distance of 3.8 Å;
Fig. 2C). Last, in pose 3 (Fig. 2D), the ketone oxygen atom of ketamine is close to the
hydroxyl oxygen atom of Ser1123.40, with a distance of 4.6 Å, whereas its Cl atom is 4.5 Å
from the hydroxyl oxygen atom of Thr2797.42 (Fig. 2D). The potential importance of the
position occupied by Ser1123.40 in receptor-ligand binding was suggested from studies of
the murine eugenol OR, mOR-EG, in which the equivalent position (Ser1133.40) forms a
hydrogen bond with the eugenol ketone group (36). Camphor also elicits a response in
heterologous cells expressing MOR136-1 (16). In our model structure, the ketone oxygen
atom of camphor is positioned 3.4 Å from the hydroxyl oxygen atom of Ser1123.40, which is
similar to the interaction observed in one of the docked poses of ketamine (Fig. 2D and fig.
S3A).
To test the sensitivity of the docking results to the model structure, we generated an
additional model of MOR136-1 from structures of the active forms of related GPCRs as
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mentioned earlier, and this model was used for docking calculations involving ketamine.
Through a similar procedure, the same set of key binding site residues within 5.0 Å of the
ligand were identified (fig. S3B). Various poses were observed in the binding site, and we
observed interactions similar to those seen when using the inactive-based structure. In pose
1, the ketone oxygen atom of ketamine is 3.2 Å from the hydroxyl oxygen atom of
Ser1123.40, whereas in pose 2, the ammonium nitrogen atom of ketamine establishes
interactions with this residue (3.1 Å; see fig. S3B). These results are consistent with the
interactions observed in the poses of ketamine and camphor in the OR models based on
inactive structures (Fig. 2 and fig. S3A). These comparative models, however, likely have
neither the fidelity nor the resolution to distinguish between subtleties in the binding of
ketamine to the active and inactive forms of the receptor.
In initial screens, only MOR136-1 and MOR136-3 among the MOR136 family of receptors
responded to ketamine (fig. S4). Among the identified binding site residues, the only
position that differs between MOR136-1 and MOR136-3 is position 3.37 (Asp1093.37 in
MOR136-1) (Table 1). This observation suggests that the different responses of these two
receptors to ketamine may be a result of the different residues at this position. Henceforth,
amino acid residue numbers corresponding to those of MOR136-1 are used unless otherwise
indicated.
Receptor sequence comparisons, particularly at the proposed binding site positions, can
potentially be useful in understanding the features that distinguish responders from
nonresponders (Table 1). Focusing on positions in the putative binding pocket, a
combination of residues was identified that could potentially distinguish responders from
nonresponders. The TM3 helix seems to have the role of a structural hub that delimits the
ketamine-binding site, and analysis of the positions in this helix provided insights about the
particular function of the different amino acid residues in the binding of ketamine. For
example, at position 1053.33, the ketamine-responsive receptors contained either a Ser or a
Thr, but these polar residues were much less frequent at this position among the
nonresponsive receptors, all but one of which have hydrophobic residues at this position. All
of the responders have a Phe at position 1043.32, an Ala at 1083.36, and a Ser at 1123.40.
Thus, informed by the screening results, molecular models, and sequence comparison, two
classes of mutations were considered to further explore the details of OR activation by
ketamine: mutations were identified that were expected to (i) decrease the ketamine
responsiveness of MOR136-1 and (ii) convert the nonresponders MOR136-4 and
MOR136-11 into ketamine-responsive receptors.
Decreasing the ketamine responsiveness of MOR136-1
From inspection of the model structures and the comparison of the sequences of responders
and nonresponders, three residues were identified as potentially playing important roles in
ketamine binding by MOR136-1: Ser1053.33, Asp1093.37, and Ser1123.40. Mutations to these
residues were expected to decrease the ketamine responsiveness of the receptor. As
suggested by the docking studies, the hydroxyl group of Ser1053.33 may coordinate the
ammonium group or the ketone group of ketamine, and the mutation S105A3.33 would
remove this interaction. Similarly, the negatively charged Asp1093.37 might electrostatically
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associate with the positively charged ammonium group of ketamine; thus, the mutation
D109A3.37 would be expected to abrogate this interaction. Ser1123.40 is present in all
responders and may form polar interactions with the ketone or the ammonium groups of
ketamine. Thus, the mutation S112A3.40 would eliminate this hydrogen bonding interaction.
To explore the effect of multiple such mutations, the double mutant (S105A3.37/S112A3.40)
and the triple mutant (S105A3.33/D109A3.37/S112A3.40) were also considered. Furthermore,
we proposed the mutation D109S3.37 for MOR136-1 to introduce the amino acid residue
present in MOR136-3 (one of the other responders); this mutation was expected to decrease
the response to ketamine, consistent with the initial screen (Fig. 1A).
We performed site-directed mutagenesis of MOR136-1, measured responses to ketamine,
and constructed dose-response curves for each mutant (Fig. 3A). As predicted, the
S105A3.33 mutant decreased the response to ketamine. Similarly, S112A3.40 was expected to
attenuate the ketamine response, and this mutation completely eliminated the response.
Consistent with the single point mutation results, the double mutant S105A3.33/S112A3.40
also completely eliminated responsiveness to ketamine (Fig. 3A). However, the mutation
D109A3.37 unexpectedly enhanced the response of the mutant receptor to ketamine when
compared to that of the wild-type receptor. Furthermore, the triple mutant S105A3.33/
D109A3.37/S112A3.40 displayed a ketamine response that was comparable with that of the
single mutant S105A3.33. Thus, the D109A3.37 mutation appears to be an enhancing
mutation, which rescued some of the effects introduced by the S105A3.33 and S112A3.40
mutations (Fig. 3A).
We further explored the sensitivity of the receptor response to the size and hydrophobicity
of the amino acid residue at this particular position (1093.37) by producing the single-site
mutants D109N3.37, D109L3.37, D109S3.37, D109K3.37, and D109V3.37. Despite their
different physicochemical nature, the D109N3.37 and D109L3.37 mutants exhibited responses
to ketamine that were similar to that of the wild-type receptor (D1093.37) (Fig. 3B); the
D109S3.37 mutant receptor exhibited a slight enhancement in the sensitivity of its response
to ketamine. Introducing either a β-branched side chain (D109V3.37) or a large, positively
charged side chain (D109K3.37) at this position eliminated the response of the mutant
receptor to ketamine (Fig. 3B). Given that Asn, Leu, and Asp have similar molecular
volumes and flexible side chains, these observations are consistent with steric (van der
Waals) interactions between the protein and ketamine determining the response, with
smaller amino acids (serine) yielding a greater normalized response.
To investigate the conformational elements associated with the role of position 1093.37 in
ketamine binding, constrained molecular dynamics (MD) simulations were performed in the
wild-type MOR136-1 receptor (fig. S5), and solvent-accessible surface areas and volumes of
the putative binding pockets were calculated (table S3). The variability of the conformations
adopted by the Asp1093.37 side chain was clearly reflected in the superposition of different
snapshots from the entire 100-ns trajectory (fig. S5A). The Asp1093.37 side chain was
observed to take on various conformational states, a fraction of which overlapped with the
putative ketamine-binding site.
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For mutations that resulted in a decreased response, the possibility that the mutation caused
protein misfolding and trafficking dysfunction was also considered. We used fluorescenceactivated cell sorting (FACS) to analyze the cell surface expression of the receptors and
found that both the S112A3.40 and S105A3.33/S112A3.40 mutants were similarly abundant at
the surface of transfected human embryonic kidney (HEK) cells (fig. S6), which suggests
that the proteins had passed cellular quality control mechanisms, an indication of correct
folding. Thus, the diminished responses of these mutant receptors to ketamine are likely a
result of direct modulation of receptor-ketamine interactions.
Introducing ketamine responsiveness to MOR136-4 and MOR136-11
Introducing a mutation that renders a receptor responsive is perhaps a more stringent test of
our understanding of ketamine recognition than is reducing or eliminating a response.
Among the 16 identified binding pocket residues, 2 nonresponders, MOR136-4 and
MOR136-11, were similar to MOR136-1 (Table 1). MOR136-4 displays a high degree of
similarity with the responder MOR136-1: 12 of the 16 residues in the binding pocket are
identical. The docking calculation and the sequence comparison analysis suggested that
positions 1043.32, 1053.33, and 1123.40 might be responsible for the difference in the
ketamine responses of MOR136-1 and MOR136-4.
MOR136-4 is the only receptor in the MOR136 family that has a Tyr instead of a Phe at
position 1043.32, which is located in TM3 and is near to the extracellular entrance to the
binding pocket. MOR136-4 also does not have a polar residue at position 1053.33. At
position 1123.40, a Ser residue is conserved in the responding GPCRs, but the larger, polar
Asn residue is present at this position in MOR136-4. In addition, position 2075.47 in TM5 of
MOR136-4 differs from that in MOR136-1 (I2075.47), with MOR136-4 being the sole
receptor in the MOR136 family that has the polar Thr residue instead of Ile at this position.
For MOR136-4, we therefore proposed and generated the mutations Y104F3.32, I105S3.33,
N112S3.40, and T207I5.47 to test our hypotheses that each of these four residues plays an
important role in ketamine binding and, if involved, that these proposed mutations would
introduce or increase ketamine responsiveness of the mutant MOR136-4 receptor.
MOR136-11 shows less overall sequence identity with MOR136-1, with 11 of 16 residues in
the identified binding pocket being identical (Table 1). We hypothesized that the TM3
mutations I105S3.33 and G108A3.36 would introduce ketamine responsiveness to the
nonresponder MOR136-11. Another mutation, G108V3.36, enabled us to test the role of the
size of the side chain at position 1083.36. We performed site-directed mutagenesis as
described earlier, measured receptor responses to ketamine, and found that N112S3.40,
designed to mimic the identity of the binding site of MOR136-1, introduced ketamine
responsiveness to MOR136-4; however, the other two mutations, I105S3.33 and T207I5.47,
failed to introduce ketamine responsiveness. The mutation Y104F3.32 at the entry to the
binding pocket resulted in a degree of ketamine responsiveness that was even greater than
that of wild-type MOR136-1 (Fig. 4A).
To further investigate the role of position 1043.32, we introduced the opposite mutation,
F104Y3.32, in the responder MOR136-1, a mutation that rendered the receptor
nonresponsive (fig. S7). To understand the molecular basis for the importance of position
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1043.32, we performed constrained MD simulations of both wild-type MOR136-4 and its
Y104F3.32 mutant (fig. S8 and see Materials and Methods). The trajectory of the wild-type
receptor showed that Tyr1043.32 and Thr2797.42 formed a side-chain hydrogen bond (fig. S8,
A and C), highly restricting the conformations available to the side chain of Tyr. In contrast,
because Phe1043.32 could not form side-chain hydrogen bonds with Thr2797.42, it was less
constrained and explored a wider range of side-chain conformations, better accommodating
ketamine (fig. S8B). This mutation also yields a large reduction in the solvent-accessible
surface area and the volume of the putative binding pocket (table S3).
We also performed FACS analysis of cells expressing the MOR136-4 mutants (fig. S9) and
found that the hyperactive MOR136-4 Y104F3.32 mutant had the least cell surface
abundance of all of the mutants, demonstrating that all of the mutants were expressed on the
cell surface to some degree and that there was little or no correlation between the amount of
cell surface receptor and the extent of its response to ketamine.
A similar procedure was repeated to obtain the dose-response curves for each mutant of
MOR136-11 (Fig. 4B). The G108A3.36 mutation did not result in ketamine responsiveness,
but the G108V3.36 mutation did to a modest degree. The I105S3.33 mutation did not result in
substantially increased ketamine sensitivity; however, the double mutation I105S3.33/
G108A3.36 introduced a modest ketamine response to MOR136-11. We also performed
FACS analysis of cells expressing MOR136-11 mutants (fig. S10) and found that all of the
mutants, except for G108A3.36, were present on the cell surface.
Elucidating the signature elements for the ketamine-binding site
The general behavior of the binding site positions that we investigated displayed particular
features (Fig. 5A). At positions 1053.33 and 1123.40 in TM3, the small polar residues Ser and
Thr were present in ketamine responders. At position 1083.36, the small apolar side chains of
Ala or Val are preferred. The presence of a Phe residue at position 1043.32 was necessary to
confer ketamine responsiveness to MOR136-1. Position 1043.32 is located at the
extracellular entrance of the binding pocket, but also appeared to modulate pocket sterics. At
position 1093.37, the presence of the negatively charged Asp residue was not essential;
indeed, its replacement by the small residues Ala or Gly substantially improved ketamine
responsiveness (Fig. 5A and Table 2). In addition, MOR136-5, a natural variant with Gly at
1093.37, also responded to ketamine (Fig. 5B and see Discussion).
In the context of the GPCR structure, the location of the putative ketamine-binding site
based on the docking results is consistent with binding site residues identified in other ORs
(30, 36–39). Additionally, when the proposed ketamine poses in the TM region of the OR
are compared with other ligand-receptor structures of different class A GPCRs found in the
CNS, a similar pattern of interacting residues is observed (fig. S11A). Moreover, the deep
penetration of ketamine in the TM bundle (as evidenced mainly by contact with positions
3.40 and 5.47) is comparable to that observed in complexes of muscarinic receptors with
tiotropium and iperoxo, and in a complex of a histamine receptor with doxepin, which
display the deepest ligand penetration of class A GPCRs (40).
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In vivo responses of OSNs to ketamine
Because our experiments thus far were performed in an in vitro heterologous cell expression
system, we sought to demonstrate the in vivo activation of MOR136-1 by ketamine. Thus,
we stimulated the mouse olfactory epithelium by intranasal application of ketamine
solutions and then performed fluorescence in situ hybridization (FISH) analysis for ORs to
identify OSNs expressing specific ORs, as well as immunohistochemical analysis of
phosphorylated ribosomal protein S6 (pS6) as a marker of OSN activation (Fig. 6, A to C)
(41–43). When we examined the activation of OSNs labeled with the MOR136-1 full-length
copy RNA (cRNA) probe, we observed that 6.6% of labeled OSNs were activated when
exposed to phosphate-buffered saline (PBS), whereas 17, 24, and 25% of OSNs labeled with
the MOR136-1 cRNA probe were activated by 3, 30, and 300 μM ketamine, respectively
(Fig. 6D). This result was in contrast to that from experiments with a control OR,
MOR171-2 (commonly known as M71)–labeled OSNs, in which fewer than 4.2% exhibited
activation under any condition (Fig. 6D).

DISCUSSION
Ketamine, a relatively potent general anesthetic, analgesic, and antidepressant, is generally
considered to transduce its hypnotic properties through interactions with NMDA receptors
(1). Here, we provide evidence for a highly specific interaction of ketamine with ORs, which
suggests that a component of ketamine’s pleiotropic actions may result from interactions
with these or other GPCRs in the CNS. The analgesic action of ketamine, for example,
might result from specific actions on opioid GPCRs, whereas its antidepressant effects could
arise from interactions with monoaminergic GPCRs. Beyond providing evidence of other
potential GPCR actions, it is possible that specific interactions between ketamine and ORs
in the CNS may be responsible for some of its actions. Analyses of human RNA sequencing
(RNASeq) data from the Illumina BodyMap project, as well as other database resources,
provided evidence that ORs may be expressed in various tissues throughout the body and
that they are not limited to the olfactory epithelium (12, 44). Although it is unclear whether
these “ectopic” ORs are functionally expressed in these tissues, or what their function might
be, these findings may indicate broader functions for ORs in chemosensation that are not
limited to smell.
In addition to suggesting relevant molecular targets of ketamine, our combined experimental
and modeling study provides a molecular-level view of the GPCR elements that are involved
in ketamine binding, as well as their spatial distribution in the binding pocket. The location
of the putative ketamine-binding pocket in the TM region is consistent with sites previously
identified in other ORs (30, 36–39). Our docking studies of ketamine in MOR136-1 (Fig.
2C), followed by mutational validation, indicates the importance of hydrogen bonding for
ketamine responsiveness (Table 2). Moreover, the features of the identified ketaminebinding site are substantiated by an analysis of ligand contacts of different class A GPCRs
found in the CNS (fig. S11). We note that no structural information about these other
receptor complexes was used in the computational modeling of the OR structures. Although
we were unable to distinguish differences in ketamine contacts between active and inactive
OR structures, it is noteworthy that the relative position of ketamine in the OR is very
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similar to that of the M2R-iperoxo complex, which represents a GPCR in its active state
conformation (fig. S11B).
In addition to polar elements, we also were able to validate the importance of steric features
in the OR ketamine site. For example, of the 16 candidate binding pocket residues, the 2
responders from the MOR136 family (MOR136-1 and MOR136-3) differ only at site
1093.37 (Table 1), and mutations at this position helped us understand the different responses
of these two receptors to ketamine. Three categories of mutations were identified relative to
the wild-type receptor: (i) the mutations D109A3.37 and D109S3.37 increased the sensitivity
of the receptor to ketamine; (ii) the mutations D109N3.37 and D109L3.37 yielded receptors
with ketamine responsiveness comparable to that of the wild-type receptor; and (iii) the
mutations D109V3.37 and D109K3.37 eliminated ketamine responsiveness. We interpret
these results by suggesting that a small nonpolar residue better accommodates ketamine in
the binding pocket. Further, the valine residue (D109V3.37) could disrupt the transmembrane
helix segment (TM3), whereas the lysine residue (D109K3.37) might result in the formation
of a salt bridge to Glu1113.39 on TM3 or simply bring the bulky, positively charged
Lys1093.37 into the binding pocket. In either case, the fit with ketamine becomes less
favorable.
To understand these steric features better, we performed constrained MD simulations with
MOR136-1. On the basis of the results from the MD simulations of MOR136-1 and its
D109A3.37 mutant, we speculate that the wild-type aspartate residue causes dynamic partial
occlusion of the ketamine-binding site, which is responsible for the intermediate ketamine
responsiveness, relative to receptorswith smaller residues (high ketamine responsiveness)
and larger residues (low ketamine responsiveness) at position 1093.37. We further tested this
idea by calculating cavity volume using the computed atlas of surface topography of
proteins (CASTp) software (45) with a 1.4-Å radius probe. The solvent-accessible cavity
volume of the putative binding pocket decreased from 896 Å3 in the wild-type MOR136-1
to 471 Å3 in the D109K3.37 mutant. A Lys at this position (fig. S5B) effectively divided the
cavity into two smaller volumes, neither of which could accommodate ketamine. However,
the cavity volume is essentially unchanged in the MOR136-1 D109A3.37 mutant relative to
that in the wild-type receptor model (table S3), indicating that volumes calculated from
static model structures do not have the fidelity to resolve the differences in ketamine
responsiveness between the wild-type and D109A3.37 MOR136-1 receptors. These
observations are consistent with the more dynamic nature of the ketamine-binding site
occlusion by larger side chains, as suggested in the MD simulations.
Position 1043.32 was found to be of importance, in that the nonresponder MOR136-4 was
converted to a responder by introducing the mutation Y104F3.32. This position is located at
the extracellular entry to the binding pocket (Fig. 2B and fig. S8), suggesting a gating
mechanism. However, the MD simulations of MOR136-4 and its Y104F3.32 mutant suggest
that a hydrogen bond between the side chain of positions Tyr1043.32 and Thr2797.42 restricts
the conformational freedom of Tyr1043.32, thereby sterically altering the ketamine-binding
site (fig. S8A). It is also possible that the lack of responsiveness relates to an inability of
Thr2797.42 on TM7 to interact with the ketamine Cl atom, because Thr2797.42 is instead
hydrogen-bonded to Tyr1043.32 (Fig. 2D and fig. S3B). CASTp (45) calculations indicate a
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large gain of pocket volume in the Y104F3.32 MOR136-4 mutant (table S3), suggesting a
steric rather than electrostatic mechanism (fig. S8D). We note that the presence of
Tyr1043.32 may not entirely impede ketamine activation of the receptor, because the single
mutation N112S3.40, which introduces the previously identified Ser1123.40, confers some
ketamine responsiveness to MOR136-4 (Table 2 and Fig. 4). Indeed, ignoring shape, the
pocket volume of the wild-type receptor (Y1043.32) should be adequate to accommodate
ketamine.
At this time, there are no reported high-resolution structures of ORs; therefore, our structural
analyses necessarily use comparative OR homology models, which are based on previously
published structures of other GPCRs (see Materials and Methods) (20–24). The broad
tertiary structures of GPCRs are reliably recovered through comparative modeling, but the
models still might not capture structural details that substantially affect ketamine binding.
Nevertheless, the degree of success with which our predicted mutations were able to
modulate ketamine responsiveness in either direction suggests that such models can indeed
be useful. Another limitation is that the structures used all correspond to an inactive state of
the corresponding GPCR. One would anticipate that the use of structures of the active state
would yield better results for an activating ligand. We attempted to determine the magnitude
of this limitation by comparing the structures of inactive and active structures (fig. S2).
From the RMSD analysis of the backbone atoms that formed the seven TM helices and the
adjacent perpendicular helix (TM1-TM7-H8), the difference between the inactive and active
models is 2.3 Å, similar to the RMSD calculated for the inactive and active crystal structures
of the β2AR (2.5 Å) (21, 32). Furthermore, for the 16 positions that formed the ketaminebinding pocket, the backbone RMSD is only 1.6 Å, which was substantiated by the
similarity in the ketamine-binding poses identified in each case. These small structural
variations make it difficult to rigorously compare the differences in structures; thus, the
experimental functional studies presented herein provide the more critical assessment of the
models and our molecular understanding of ketamine binding and response in ORs. In future
studies, it will be of interest to consider additional template structures, particularly the active
structure of opsin, because it has been suggested as a promising template for modeling OR
structures (46).
Finally, we observed the in vivo activation of OSNs labeled with a MOR136-1 cRNA probe
after topical exposure to ketamine in a dose-dependent fashion, up to 25% with 300 μM
ketamine. Because there are no available transgenic mouse strains with labeled MOR136-1–
expressing OSNs, we identified these OSNs by FISH with cRNA probes transcribed from
full-length MOR136-1, which could cross-hybridize with other MOR136 family member
ORs because of sequence similarity. These other OR family members include ketamineunresponsive ORs, which likely explains why only 25% of the labeled OSNs were activated
by a high ketamine concentration.
In summary, we provide evidence for the highly specific and selective activation of discrete
ORs by ketamine, which at least suggests that GPCRs could serve as functional targets of
this general anesthetic, but also suggests that CNS ORs could be targets of anesthetics or
psychotropic drugs. Furthermore, through a combination of molecular modeling, sequence
comparison, and mutagenesis, we characterized the important structural determinants of
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ketamine activation by both removing and introducing responsiveness in specific receptors.
The optimized combination of spatial key interaction loci in the binding pocket for ketamine
could potentially be used as a signature binding pocket to search protein structural databases
for other candidate ketamine receptors.

MATERIALS AND METHODS
In vitro luciferase activity assays to measure OR activation
In vitro assays to determine OR activation were performed as previously detailed (16, 17).
Briefly, Hana3A cells were cotransfected with pCI plasmids encoding ORs containing an Nterminal rhodopsin tag (labeled Rho-pCI) together with luciferase reporter plasmids and
plasmids encoding the cofactors receptor transport protein 1 (RTP1) and muscarinic
acetylcholine receptor M3, which enhance the functional expression of OR. Twenty-four
hours after transfection, rich culture medium was replaced with CD293 chemically defined
medium containing the appropriate concentrations of the desired anesthetics for 4 hours,
after which the cells were lysed and luminescence was measured with the Dual-Glo
Luciferase Assay System (Promega) with a POLARstar OPTIMA microplate reader (BMG
Labtech). A minimum of three experiments with at least three technical replicates were
performed for each OR-anesthetic pairing and at each concentration.
Data analysis of luciferase activity measurement
Luciferase data values were normalized for transfection efficiency, plate-to-plate variation,
and baseline-subtracted with solvent-only responses, and then were normalized to the
maximal MOR136-1 responses obtained from the dose-response curve fits, which are set to
1.0. Data analysis, nonlinear regression, and statistical tests were performed with GraphPad
Prism v5 software. Statistical significance was determined by ANOVA (analysis of
variance) analysis with Bonferroni posttests at P ≤ 0.05 for comparisons at a single
anesthetic concentration (Fig. 1A). Nonlinear regression curves were fitted for doseresponse experiments, and EC50 values are shown for curve fits with R2 ≥ 0.95. Fitted EC50
values were compared pairwise by an extra sum-of-squares F test at a significance level of P
< 0.05. A minimum of three experiments with at least three technical replicates were
performed for each analysis.
Cell surface receptor expression studies
The cell surface expression of ORs was determined by FACS analysis. HEK 293 T cells
were transfected with plasmids encoding N-terminal rhodopsin–tagged ORs or vector only
control (Rho-pCI) and the same cofactors used in our in vitro luciferase assays, together
with plasmid encoding green fluorescent protein (GFP), to monitor transfection efficiency.
Live cells were stained with mouse anti-rhodopsin monoclonal antibody 4D2 [a gift from R.
Molday (47)] followed by phycoerythrin (PE)–conjugated anti-mouse immunoglobulin G
(Jackson Immunologicals), together with 7-aminoactinomycin D (7AAD, Calbiochem), to
mark dead cells, which were excluded from analysis. FACS analysis was performed with
FlowJo v10 software. Ten thousand GFP-positive (transfected), 7AAD-negative (live) cells
were counted for each OR, cell counts were plotted in histograms using PE intensity (surface
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staining intensity), and the population geometric mean fluorescence intensity was calculated
as a measure of surface expression.
Site-directed mutagenesis
Site-directed mutagenesis was performed by a two-step polymerase chain reaction (PCR)
method essentially as previously described (48). For each of the mutants, primers for the
full-length OR and mutually complementary mutagenesis primers containing mismatching
bases for the mutated codons (table S4, altered bases are shown in lower case) were used to
generate 5′ and 3′ fragments of the OR with overlapping ends containing the desired
mutation. These fragments were purified and combined in a second PCR with only the
respective full-length OR primers to generate a full-length OR containing the desired
mutations, which were verified by Sanger sequencing.
Comparative homology modeling
The amino acid sequences of MOR136-1 (Q8VGL0), the human β2AR (P07550), the bovine
rhodopsin (P02699), the turkey β1AR (P07700), the human A2A adenosine receptor
(P29274), and the human D3 dopamine receptor (P35462) were obtained from the UniProt
Knowledgebase (49). The pairwise sequence alignment between MOR136-1 and the human
β2AR was performed with Blastp software (50) using the BLOSUM62 substitution matrix
(51). Similar pairwise alignments between MOR136-1 and the other four templates were
performed. Highly conserved fingerprint residues from the rhodopsin-like GPCR family
were used to guide the final sequence alignment (52). Previous studies of ORs also guided
the final multiple alignment (30, 36–39). Similar procedures were used during generation of
the structures of the other ORs considered in this work. From the final sequence alignment
(fig. S1), 100 structures of each of the ORs were constructed with the Modeller 9v8 software
(25, 26), with the refinement optimization level adjusted to slow (25, 26). Modeller extracts
different structural restraints in the form of probability distribution functions for structural
features from the set of three-dimensional structures of the templates and then optimizes
these restraints to generate the structures of a target sequence. The structures of the five
GPCRs were used as templates in the generation of the different OR models. For each of the
OR sequences, the best structure according to the scoring function used in Modeller was
selected for subsequent modeling.
Docking calculations
The structure of R-ketamine (CID: 3821) was obtained from the PubChem substance and
compound database (53). The structure of camphor was obtained from the Protein Data
Bank (PDB) [PDB accession 1IWJ (54)]. The docking calculations were performed with the
AutoDock4 program (34). The geometry of the ligands was optimized with the
semiempirical method PM3 using MOPAC2009 (55). The semiempirical method was also
used to calculate the partial charges. During the docking calculations, the Lamarckian
genetic algorithm was used with an optimized local search method (56). For the ligands, the
initial position, orientation, and value of the torsion angles were randomly selected.
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Sequence comparison
Thirteen sequences in the MOR136 family (MOR136-1 to MOR136-13) considered in the
experimental screens were obtained from the UniProt Knowledgebase (49). A multiplesequence alignment was performed with ClustalW2, and the rendering of the alignment was
prepared using SeaView (fig. S4). An alignment of the 16 positions in the putative binding
pocket (positions: Phe732.53, Phe1043.32, Ser1053.33, Ala1083.36, Asp1093.37, Glu1113.39,
Ser1123.40, Leu2025.42, Gly2035.43, Val2065.46, Ile2075.47, Tyr2516.44, Ile2556.48,
Leu2586.51, Tyr2596.52, and Thr2797.42 in MOR136-1) of the responders and nonresponders
(MOR136-2, MOR136-4, and MOR136-6 to MOR136-13) was generated.
Constrained MD simulations
To obtain statistics about conformations explored by the side chains of residues in the
putative ketamine-binding site, all-atom MD simulations were performed on the model of
MOR136-1 obtained by comparative modeling. The simulations were performed with
NAMD2 (57) and the CHARMM22 force field (58) without the presence of ketamine. No
lipid membrane was included, and the Cα carbon atoms were fixed to their original
positions. Water molecules (TIP3P model) (59) and ions (Na+ and Cl−) (58) were included
in the simulations. The constrained MD simulation of the entire system was performed in the
NPTensemble. Langevin dynamics and the hybrid Nosé-Hoover Langevin piston were used
to maintain constant temperature (310 K) and constant pressure (1 atm), respectively (60).
Electrostatic interactions were evaluated with the particle mesh Ewald technique with a grid
spacing less than 1.0 Å for each dimension and a fourth-order interpolation (61). A time step
of 1 fs was used for the simulations. Periodic boundary conditions were used with a periodic
cell of 74 Å × 95 Å × 62 Å. A similar protocol was used in the case of the MOR136-1
mutant D109A3.37, wild-type MOR136-4, and MOR136-4 mutant Y104F3.32. About 100-ns
simulations were performed in all cases with a time step of 1.0 fs.
In vivo OSN activation assay
Mice were anesthetized with isoflurane in 100% oxygen for 4.5 min. While immobilized,
the mice were injected intranasally with 50 μl of 3, 30, or 300 μM ketamine in PBS, along
with a PBS-only control, with a blunt syringe. The mice were allowed to recover for 1 hour
and then were euthanized by CO2 asphyxiation. Their nasal epithelia were harvested, frozen,
and cryosectioned at 20-μm thickness. Detection of OR expression was performed by FISH
of full-length, digoxigenin-labeled cRNA probes of MOR136-1 and M71 essentially as
described previously (62), which was followed by antibody staining of pS6 (Cell Signaling
antibody #2215) and Hoechst (bisBenzimide, Sigma B2883) to label nuclei.
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Fig. 1. MOR136-1, MOR136-3, and MOR139-1 respond specifically to ketamine

(A) Hana3A cells cotransfected with a luciferase reporter plasmid and plasmids encoding
the indicated ORs or pCI as a negative control were treated with 100 μM ketamine for 4
hours, and then were analyzed by luciferase assay to determine receptor responsiveness.
Luciferase activity was normalized to that of cells expressing MOR136-1, which was set at
1.0. Data are means ± SEM of three independent experiments. (B) In a separate experiment,
Hana3A cells cotransfected with a luciferase reporter plasmid and plasmids encoding
MOR136-1, MOR136-3, or MOR139-1 were treated with the indicated anesthetics (each at
100 μM) or with solvent (negative control) for 4 hours, and then were analyzed by luciferase
assay to determine receptor responsiveness. Luciferase activity was normalized to that of
ketamine-treated cells expressing MOR136-1, which was set at 1.0. Data are means ± SEM
of three independent experiments. (C) Hana3A cells cotransfected with a luciferase reporter
plasmid and plasmids encoding MOR136-1, MOR136-3, or MOR139-1, as indicated, or
with pCI as a negative control were treated with the indicated concentrations of ketamine for
4 hours, and then were analyzed by luciferase assay to determine receptor responsiveness.
Luciferase activity was normalized to the fitted maximum response of cells expressing
MOR136-1, which was set at 1.0. The respective EC50 values for each of the receptors are
indicated. Data are means ± SEM of three independent experiments.
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Fig. 2. The model structure and ketamine-docking poses of MOR136-1

(A) The MOR136-1 model structure was obtained by comparative modeling. The 16
positions identified to form the ketamine-binding site (within 5.0 Å of docked ketamine
molecules) are displayed as space-filling representations (yellow). Residues forming the
ketamine-binding pocket are located mainly in TM3, TM5, and TM6, with just one residue
in TM2 and one in TM7. (B) Pose 1 of ketamine (blue) in MOR136-1 obtained from the
docking calculation. Possible interactions of the positively charged nitrogen of ketamine
with Ser1053.33 and Asp1093.37 are indicated. (C) Pose 2 of ketamine (orange) in
MOR136-1 shows the interactions of the positively charged nitrogen of ketamine with
Ser1123.40 and the keto moiety with Ser1053.33. (D) The ketamine pose 3 (magenta) from
docking calculations indicates not only an interaction between the nitrogen in ketamine and
Ser1123.40 but also a possible interaction of the Cl atom with residue Thr2797.42. (E)
Complete sequence of MOR136-1. The 16 positions predicted to form the putative
ketamine-binding site are highlighted in yellow. The conserved residues (conserved in class
A GPCRs) at each of the TM helices are colored in blue. The six positions considered in the
mutagenesis studies are colored in red.
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Fig. 3. Dose-response curves for mutant MOR136-1 receptors

(A) Hana3A cells cotransfected with a luciferase reporter plasmid and plasmids encoding
MOR136-1 and the S105A3.33, S112A3.40, S105A3.33/S112A3.40, D109A3.37, and
S105A3.33/D109A3.37/S112A3.40 mutants, as indicated, or with pCI as a negative control
were treated with the indicated concentrations of ketamine for 4 hours, and then were
analyzed by luciferase assay to determine receptor responsiveness. Luciferase activity was
normalized to the fitted maximum response of cells expressing MOR136-1, which was set at
1.0. The respective EC50 values for each of the receptors are indicated. Data are means ±
SEM of five independent experiments. (B) Hana3A cells cotransfected with a luciferase
reporter plasmid and plasmids encoding MOR136-1 and the D109A3.37, D109L3.37,
D109N3.37, D109V3.37, D109S3.37, and D109K3.37 mutants, as indicated, or with pCI as a
negative control were treated with the indicated concentrations of ketamine for 4 hours, and
then were analyzed by luciferase assay to determine receptor responsiveness. Luciferase
activity was normalized to the fitted maximum response of cells expressing MOR136-1,
which was set at 1.0. The respective EC50 values for each of the receptors are indicated.
Data are means ± SEM of eight independent experiments. N.S., not significant.
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Fig. 4. Dose-response curves for point mutants of MOR136-4 and MOR136-11

(A) Hana3A cells cotransfected with a luciferase reporter plasmid and plasmids encoding
MOR136-1, MOR136-4, or the MOR136-4 I105S3.33, N112S3.40, Y104F3.32, and T207I5.47
mutants, as indicated, or with pCI as a negative control were treated with the indicated
concentrations of ketamine for 4 hours, and then were analyzed by luciferase assay to
determine receptor responsiveness. Luciferase activity was normalized to the fitted
maximum response of cells expressing MOR136-1, which was set at 1.0. The respective
EC50 values for each of the receptors are indicated. Data are means ± SEM of eight
independent experiments. (B) Hana3A cells cotransfected with a luciferase reporter plasmid
and plasmids encoding MOR136-1, MOR136-11, or the MOR136-11 G108V3.36, I105S3.33,
I105S3.33/G108A3.36, and G108A3.36 mutants, as indicated, or with pCI as a negative
control were treated with the indicated concentrations of ketamine for 4 hours, and then
were analyzed by luciferase assay to determine receptor responsiveness. Luciferase activity
was normalized to the fitted maximum response of cells expressing MOR136-1, which was
set at 1.0. The respective EC50 values for each of the receptors are indicated. Data are means
± SEM of eight independent experiments.
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Fig. 5. Representation of the ketamine-binding site and dose-response curves for MOR136-5

(A) Top: Positions 1043.32, 1053.33, 1083.36, 1093.37, 1123.40, and 2075.47 (shown here as red
spheres) were investigated by mutagenesis studies in the responder MOR136-1 and in the
nonresponders MOR136-4 and MOR136-11. The three identified poses of ketamine are
depicted as blue (pose 1), orange (pose 2), and magenta (pose 3) sticks, whereas the
different TMs are shown as ribbons. Bottom: Summary of the investigated positions for the
three wild-type (WT) ketamine responders: MOR136-1, MOR136-3, and MOR136-5. At
each site, the “preferred” residue type for which the largest response was observed is also
displayed. (B) Hana3A cells cotransfected with a luciferase reporter plasmid and plasmids
encoding MOR136-1 or MOR136-5 were treated with the indicated concentrations of
ketamine for 4 hours, and then were analyzed by luciferase assay to determine receptor
responsiveness. Luciferase activity was normalized to the fitted maximum response of cells
expressing MOR136-1, which was set at 1.0. The respective EC50 values for each of the
receptors are indicated. Data are means ± SEM of three independent experiments.
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Fig. 6. In vivo activation of OSNs by ketamine

(A to C) C57BL/6J mice were lightly anesthetized with isoflurane and injected intranasally
with 50 μl of ketamine (A and C) or PBS (B) as a negative control, and their nasal epithelia
were harvested, frozen, cryosectioned, and stained as indicated. Scale bar, 50 μm. (D) OSNs
that were treated with PBS or the indicated concentrations of ketamine were counted, and
the percentage of the cells that had MOR136 family members (left) or M71 (right) and
responded to ketamine was calculated. The total numbers of OSNs counted in each
treatment condition are shown above the respective histogram bars.
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(BW) numbering positions in the structure (35), respectively. The three natural responders only differ at position 1093.37 (green). For each of the
nonresponders, the residue identities not present in any of the three responders at the corresponding position are indicated in red.

The three first receptors (MOR136-1, MOR136-3, and MOR136-5) in this family displayed responses to ketamine. Displayed are the 16 positions that
were identified as ketamine-binding residues, where the first and second rows show the residue number of MOR136-1 and the Ballesteros-Weinstein
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Table 2

Summary of the mutagenesis results involving the ketamine-responding receptor
MOR136-1 and the nonresponders MOR136-4 and MOR136-11
Except for the mutations at Asp1093.37, the identified mutations led to a loss of responsiveness for
MOR136-1. Identified mutations introduced responsiveness to the nonresponders MOR136-4 and
MOR136-11 (see also Fig. 5A).
OR mutants and ketamine responses

MOR136-1

Increased response

No effect

Decreased response

Eliminated response

D109A3.37
D109S3.37

D109L3.37

S105A3.33

F104Y3.32

D109N3.37

S105A3.33/D109A3.37/S112A3.40

S105A3.33/S112A3.40
D109K3.37
D109V3.37
S112A3.40

MOR136-4

MOR136-11

*

Y104F3.32
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N112S3.40

T207I5.47

I105S3.33/G108A3.36

I105S3.33

G108V3.36

*G108A3.36

—

—

—

—

The G108A3.36 mutant of MOR136-11 was not expressed at the cell surface.

